Abstract
Introduction

23
Forests are among the most important ecosystems on the planet, providing and regulating 24 multiple important services such as timber production, biodiversity conservation, carbon (C) 25 sequestration, bioenergy supply and potable water supply (Nelson et al. 2011 , COM 2005 Nitrogen (N) is often reported to limit growth in northern forest ecosystems (Tamm 1991 (Bünemann 2015) , and rhizosphere processes (Hinsinger 58 2001; Hinsinger et al. 2011 ). Nevertheless, forest P cycle and its impacts on other cycles (e.g. C 59 and N) are much less investigated in modeling studies simply due to the absence of P cycle in 60 most forest/terrestrial ecosystem models (Fontes et al. 2010; Flato et al. 2013 ). 61 In this paper, we first implemented a P module, which contains the biogeochemical processes of 62 the full P cycle, into the integrated dynamic forest model, ForSAFE. We then tested the model at 63 a southwestern Swedish forest site, which is at high risk of P limitation. The aims of this study 64 were: 1) to evaluate the forest nutrition (N and P) at the study site, 2) to quantify the forest P 65 cycle, especially the biogeochemical P processes, from a modeling perspective. ForSAFE consists of four modules based on the concepts of four established models: the tree 82 growth model PnET (Aber & Federer 1992) , the soil chemistry model SAFE (Alveteg 1998 In order to better represent the biogeochemical P processes, several changes were made prior to 93 the inclusion of the P cycle. They are outlined below (Detailed description in Appendix A). 
101
 The tree growth process was modified by changes in the tree structure, plant uptake, and
102
C and nutrient allocations in order to simulate realistic plant nutrient uptake and nutrient 103 contents, particularly for those of P.
104
 The length of the time step was reduced from monthly to daily to better simulate the 105 hydrology process, the microbial dynamics and the P cycle, particularly the 106 sorption/desorption equilibrium.
107
The biogeochemical P processes that were taken account in the model are deposition, 108 weathering, sorption and desorption, occlusion and mineralization, which includes both 109 biological mineralization and biochemical mineralization (Fig. 2) . The external inputs of P to the sorption/desorption, and occlusion. The soil inorganic P is stored in soil solution as dissolved 118 inorganic P, in the soil matrix as sorbed inorganic P and occluded inorganic P, and in soil 119 minerals as mineral P (Fig. 2) The modeled needle N/P ratio generally increased from 1900 until it reached a peak around 184 2000, after which it decreased (Fig. 3) . Although the occurrence of the P limitation was captured 185 by the model, the needle N/P ratio was considerably underestimated around 2000, indicating that 186 forest P nutrition might be worse than the model prediction.
187
The simulated soil water chemistry generally agreed with the measurements available in 1997- In the model, it is assumed that N enters the forest ecosystem only through deposition and that it 208 can be stored in tree biomass, in SOM, or leach out (Table 1) . Over the simulation period, 30% 209 of the N inputs accumulated in the tree biomass, 26% was leached out, and 44% was 210 accumulated in the SOM. The forest receives one-third of its P input from deposition and two-211 thirds from weathering. P can be stored in the soil matrix, tree biomass or SOM, and a small 212 amount of it leaches out (Table 1) . Over the whole simulation period, 44% of the P input 213 accumulated in the tree biomass, 55% accumulated in the SOM and 1% was leached out. The The inputs of N and P were not sufficient to support the plant uptake in the model simulation, 227 thus the internal processes-biological mineralization, biochemical mineralization, and 228 desorption-played important roles in supplying nutrients for uptake from the soil water (Fig. 5) . 229 Over the period of forest rotation (1900-2100), the soil water received a total of 1015 g N m deposition. In (b), plant P uptake = P inputs + Biolog. P min. + Biochem. P min. + Desorp. P, where P inputs include 255 deposition and weathering. P leaching was ignored in (b) due to its low amount. 256 3.4 Sensitivity analysis 257 As shown in Table 2 somehow after the storms, the needle N/P ratios still remained high (Fig. 3) . The observed N 286 leaching in soil water both before and after the storms also indicates that the site is approaching, 287 or is already at N saturation. Based on the above, we believe that Klintaskogen is already P-288 limited today.
289
The model simulation confirms the P limitation at present day with the highest foliar N/P ratio 290 (Fig. 3) , the highest N leaching (Fig. 4&5 ) and the lowest SOM C/N ratio ( In contrast, the rate of P inputs-deposition and weathering-is relatively stable over the 303 simulation period, as is the plant P uptake rate (Fig. 5 ). The biological P mineralization varies 304 considerably over the period, but the overall plant P uptake does not change to the same degree 305 (Fig. 5, Table 2 ). This probably indicates, firstly, that the P inputs do not have as strong 306 regulating effects on the P cycle as the N inputs have on N cycle; and secondly, the biochemical 307 P mineralization and P desorption can somehow compensate for the change in biological P 308 mineralization, thus leading to a more stable plant P uptake rate than N. Above all, the prediction 309 of the needle N/P ratio seems to be most influenced by the changes in N deposition, and we 310 predict that in the future, the forest will be N-limited under the low future N deposition 311 projection we used. However, this speculation holds a high uncertainty due to the highly 312 uncertain future N deposition (Fowler et leaf biomass, and leaf P concentration well.
327
The model predicts that mineralization is the most important source of plant P uptake, which is after disturbances such as clear-cuts (Fig. 5) . But the overall contribution of P desorption to plant 349 P uptake is very small (Tables 1&2), indicating that in a sandy podzol soil, the soil-sorbed P pool 350 acts more as a 'buffering' pool rather than a source of P for plant uptake.
351
Little attention was paid to deposition and weathering in previous P cycle studies, due to the 352 model limitations or a lack of data. The present study clearly shows that deposition and 353 weathering are also important sources for plant P uptake (ca. 20%). From the whole ecosystem's 354 perspective, the deposition and weathering are even more profound because they are the sole P 355 inputs to the ecosystem. Our predicted P weathering rate is very high compared to a previous 356 Swedish study (Akselsson et al. 2008) , thus resulting in a higher accumulation rate of P in the 357 forest ( We are not surprised that each parameter alone had a very small impact on the model outputs 380 (Table S. .
390
The incorporation of P in ForSAFE naturally decreases the simulated productivity of the forest 391 and challenges the existing assumptions regarding C sequestration and allocation in the model.
392
The productivity change was not specifically investigated in this study as other changes might 393 also contribute to it. This must be further studied in the future because it may have a significant 394 impact on the C cycle and related ecosystem services, such as timber production and climate 395 regulation. Nevertheless, the incorporation of P cycle enables us to predict future forest nutrition, 396 to better evaluate the nutrient fluxes in soil water, and to study the organic C and nutrient cycles.
397
Although the evaluation of the model against empirical data is impossible for most of the P 398 processes due to the technical difficulties in measurements, the simulation of the P cycle still 399 provides valuable information on some of the less well-understood processes, such as P 400 weathering, biochemical P mineralization, and P sorption/desorption equilibrium. uptake, and secondly due to the role as the sole inputs to the system. At Klintaskogen, the P 413 sorption/desorption equilibrium contributes very little to plant P uptake in the long term, but it 414 can regulate the plant P uptake rate, especially after disturbances. here, such as P weathering, biochemical P mineralization, and P sorption/desorption equilibrium, 421 should be further investigated in both field and modeling studies. Eq. A2.7
CPr C: P ratios of the decomposable compounds Eq. A2.8
CPr mic C: P ratios of the microbial biomass Eq. A2.8
MaxP bcmin maximum potential P biochemical mineralization rate, mg P m -3 d -1
Eq. A2.9
Mic microbial biomass, g C m -3
P o sum of organic P in holo, lig and recal, mg P m -3 soil Eq. A2.9
Cp concentration of the dissolved inorganic phosphorous, mg P dm -3 water Eq. A2.9
k enz maximum rate of enzymatic mineralization, m 3 g
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Eq. A2.14 f resp respiration rate of microbial biomass, d
-1
Eq. A2.13 f micdec decay rate coefficient of microbial biomass, d
Eq. A2.14 r des desorption rate of P, mg P m -3 d -1
Eq. A4.1
Pr tot0 and Pr tot total sorbed P in the soil matrix before and after the time step, mg P kg -1 soil Eq. A4.1
Pr 1d
sorption capacity of the soil layer within one day, mg P kg -1 soil Eq. A4.1 P bal total change rate of certain processes shown in Eq. B4. Eq. A4.5
Silt soil particles between 2 μm and 50 μm, g kg -1
Eq. A4.6
Sand soil particles between 50 μm and 2000 μm, g kg -1
Eq. A4.5 P tot total P in the soil layer, g P kg -1 soil Eq. A4.6
N org organic N in the soil layer, g N kg -1 soil Eq. A4.7
MaxPr tot maximum soil P sorption capacity, mg P m Eq. A4.9
Cp in
Cp in the inflow, mg P dm -3 water Eq. A4.9
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A1 Soil hydrology 635
The simulations of soil water contents and flows are based on the soil hydrology module of the ForSAFE model 636 (Zanchi et al. 2016 ). The soil is represented by a soil column with several layers denoting the soil horizons. The 637 water flows by percolation or surface flow. The percolation is determined by the hydraulic conductivity and 638 constrained by the capacity to receive water in the next layer, but in the last layer, it is restricted by the base flow 639 rate, assuming that the water cannot drain freely. Surface flow occurs above the uppermost layer if it becomes 640 oversaturated due to high precipitation or if percolation stops when the layers below are saturated. 641
where ActEvap and PotEvap are the actual and potential evapotranspiration rates The carbon loss rate of the decomposable compound is calculated as: 666
where C loss is the carbon loss rate (g carbon m -3 d -1 ), i denotes the compound index (EDC, holo, lig or recal), k pot is 669 the potential rate constant at assumed optimal conditions (g carbon m -3 d -1 ), M is the mass of organic C of the 670 decomposable compound (g carbon), T is the temperature of the soil layer (K), θ is the relative soil moisture, and pH 671 is the soil water pH. The rate regulating functions are adopted from Walse et al. (1998) , 672
where E a is the activation energy (J mol -1 ), R is the gas constant (J mol -1 K -1 ), T r is the reference temperature (K), 676 K w is the empirical coefficient, n w is the empirical exponent, K pH is the response coefficient, and m is the empirical 677 exponent. Values of the parameters are given in ForSAFE parameterization. 678
The decomposition rate of the decomposable compounds (total carbon loss of the compound category, DEC, g C m -3 679 d -1 ) is calculated based on the mass loss rate: 680
where i denotes the compound category; η is the assimilation factor that represents the fraction of DEC assimilated 682 by microbes for growth; k hum is the humification coefficient, which represents the fraction of DEC that forms 683 recalcitrant compounds; and k lch is the leaching coefficient, which represents the fraction of DEC that forms 684 dissolved organic carbon (DOC) (Berg & McClaugherty 2008) . 685
Soil organic nutrients are associated with the decomposition of C and therefore are humified to form recalcitrant 686 compounds, enter the soil solution in dissolved inorganic forms (mineralization), or are assimilated by microbes 687 (immobilization) (Figure 2-Decomposition 
where CPr and CPr mic are the C: P ratios of the compounds and microbial biomass, respectively; for N CNr and 693
CNr mic are used in Eq. B2.8. 694
Apart from biological mineralization, the nutrients in organic forms can also become plant available through C 695 overflow metabolism and biochemical mineralization. Carbon overflow metabolism is the elimination of C and 696 nutrients from microbial biomass when C is in excess ( 
A3 Tree growth 725
Two main changes have been introduced to the tree structure: first, P has been added as a macro nutrient in plants, 726 and second, a new compartment for twigs is distinguished from wood. Changes have also been made regarding plant 727 uptake and nutrient allocation. The potential plant uptake is calculated as the growth rate of each tree compartment 728 times the optimal nutrient content of the tree compartment during growing season of foliage and wood, and it is 729 calculated as 110% of the root nutrient demand in non-growing season. The timing of nutrient uptake for foliage 730 growth has been changed from only once per year at bud burst to multiple times synchronous with foliage growth. 731
The wood growth has been changed from being limited only by plant C pool to being limited by both the C and 732 nutrient pools in plant. 733
Four mechanisms have been introduced to regulate the N and P uptake of plants and microbes, namely plant uptake 734 downscaling, microbial immobilization downscaling, microbial overflow metabolism and biochemical 735 mineralization. When the nutrient demands (plant uptake and microbial immobilization) exceed nutrient availability, 736 plant uptake and growth will first be decreased, followed by a reduction in microbial growth to reduce 737 immobilization, and finally a reduction in microbial biomass by eliminating some carbon and nutrients. Biochemical 738 mineralization accounts only for P and is negatively related to Cp. 739
A4 Soil inorganic P cycle 740
In ForSAFE, the P deposition (r dep , mg P m -3 d -1 ) is treated as model input and the weathering of P (r wea , mg P m where Pr tot0 and Pr tot are the total sorbed P in the soil matrix (mg P kg -1 soil) before and after the time step, and P bal 749 is the total change rate of all the other processes (mg P m -3 d -1
) that exert a direct impact on Cp (fertilization, 750 deposition, weathering, plant uptake and immobilization/mineralization) and is given by 751
when P bal does not exceed the range of Pr 1d , sorption equilibrium is reached (condition B4.1.a); otherwise maximum 753 net sorption (condition B4.1.b) or maximum net desorption (condition B4.1.c) occurs. 754
According to Forssard & Sinaj (1997) and Fardeau (1996) , the total desorbed P is calculated using the Freundlich 755 kinetic equation, assuming that the exchangeable Pi between soil matrix and soil solution within a year is the total 756 sorbed P in the soil matrix (Eq. B4.3). The sorption capacity of a time step (day) is defined as the exchangeable Pi 757 within the time step (Eq. B4. where mw P is the molecular weight of P (mg mmol -1 ). 779
The Cp in ForSAFE is solved using the following equation: 780
where Q in and Q are the discharges of inflow and outflow of the soil layer, respectively (dm 3 water m -3 soil d -1 ); 782
Cp in is the concentration of dissolved Pi in the inflow (mg P dm -3 water). 783
